Abstract
Introduction
The term asbestos (from the Greek "asbestos"= inextinguishable) is a general commercial-industrial term used to describe a group of naturally occurring silicate minerals of fibrous or asbestiform habit. These minerals can be divided into two basic groups: (i) the serpentines, which include only the asbestiform chrysotile and (ii) the amphiboles, which include the asbestiform varieties of actinolite, tremolite, anthophyllite, crocidolite (riebeckite) and amosite (cummingtonite-grunerite). They have been used since ancient times as raw materials for the production of a large variety of materials and objects due to their exceptional attributes (high tensile strength, flexibility, chemical and heat re-sistance). The inherent properties of asbestos fibres appear to contribute to the toxicity of these mineral particles when lodged inside the human respiratory system (Stanton et al., 1981; Wylie et al., 1993) . Occupational exposures to asbestos have been linked to asbestosis, lung cancer, malignant mesothelioma and various cancers of digestive tract (Mossman et al., 1990; Nolan et al., 2001; Constantopoulos, 2008; Murray and Nelson, 2008) .
Ophiolitic rocks may contain various amounts of asbestos minerals (e.g. Skarpelis and Dabitzias, 1987; Ross and Nolan, 2003; Rigopoulos et al., 2008) . Chrysotile is usually the most common of these minerals in ophiolitic rocks, since it is possible to be found in any type of serpentinized ultrabasic rock, either as alteration product of olivine and/or orthopyroxene or as veins crosscutting the rock. Basic ophiolitic rocks may also contain considerable percentages of amphibole asbestos fibres, principally actinolite and/or tremolite, which represent alteration products of clinopyroxene (e.g. Tsikouras et al., 2005; Rigopoulos et al., 2006) .
Asbestos fibres are thin, needle-like crystals that may vary widely in diameter within the millimetre to micron range. The biologically more important so-called "critical" fibres are those with the following shape criteria: length ≥5 μm, diameter (width) ≤3 μm and length to diameter ratio (aspect ratio, AR) ≥3:1 (World Health Organization, 1986) . Asbestos crystals in ophiolitic rocks used as aggregates for road construction, railway ballast, concrete and other applications, are particularly dangerous for public health, since fibres of the above mentioned sizes may be released into the air during in-service deterioration of aggregates, becoming dangerous for public health. In this study, the proportions of asbestiform minerals were determined in basic and ultrabasic rock samples collected from ophiolite suites of central and northern Greece, using a combination of different techniques.
Geological setting
Sampling was performed to the Guevgueli, Pindos, Vourinos and Koziakas ophiolites, which are among the most well-known ophiolitic complexes of Greece (Fig. 1) .
The Guevgueli ophiolite (Mercier, 1966; Bebien, 1982; Ivanov et al., 1987) , occupies the northern part of the "Innermost Hellenic Ophiolite Belt" (IMHOB) in Greece. It comprises a parautochthonous, Jurassic complex, comprising gabbroic cumulates, diorites associated with plagiogranites, a hypabyssal sheeted dyke complex and mafic lavas. Sampling was performed to the eastern part of the ophiolite, in a sheeted dyke complex, which includes dolerites and minor gabbros.
The Pindos and Vourinos Jurassic ophiolites belong to the western Greek ophiolitic belt and are thought to be continuous beneath the Cenozoic molasse of the Mesohellenic trough (Jones et al., 1991; Rassios and Smith, 2000) . Sampling was performed to the eastern part of the Pindos ophiolite, in a well preserved sheeted dyke complex. This area has been further divided into three subunits, which comprise the following lithologies (Rigopoulos et al., 2010) : (i) dolerite and minor gabbro, (ii) dolerite, (iii) pillow lavas and minor dolerite. In the Vourinos complex sampling was focused on a dolerite exposure, located to the western part of the ophiolitic occurrences. Two types of dolerites have been distinguished according to their macroscopic characteristics (Rigopoulos et al., 2010) : the first group displays significant amounts of chlorite (dark green-coloured), while the second is characterized by the presence of actinolite in high percentages (pale green-coloured). Serpentinized ultrabasic samples were also collected from the mantle section of the Pindos and Vourinos ophiolites.
The Koziakas Jurassic ophiolite belongs to the western Greek ophiolitic belt and it was probably developed, together with the Pindos, Vourinos and Othris ophiolite suites, in the same marginal basin volcanic arc regime in the Pindos ocean (Pomonis et al., 2005; Pomonis et al., 2007) . Sampling was performed to the northern part of the ophiolite, which comprises mantle peridotites with various degrees of serpentinization. These are predominantly harzburgites and secondarily plagioclase-bearing lherzolites.
Methods and results

Petrography
A preliminary qualitative analysis of thin sections with a polarized microscope was first accomplished in order to determine the general mineralogical and textural characteristics of the studied rock types. Quantitative measure of the concentration of the constituent minerals was then carried out using a point-counting system.
Basic lithotypes
Dolerites from the Guevgueli, Pindos and Vourinos ophiolites are fine-grained isotropic rocks with subophitic texture (Fig. 2a) . Laths of subhedral plagioclase and interstitial anhedral clinopyroxene of augite composition comprise the subophitic groundmass. They are in general equigranular rocks but locally become porphyritic, with subhedral to euhedral plagioclase and clinopyroxene phenocrysts set in a fine-grained matrix with subophitic texture (Fig. 2b) . Opaque minerals include various percentages of magnetite, pyrite and chalcopyrite. Titanite is also present in small amounts. Secondary products are actinolite, chlorite, quartz, epidote and clinozoisite. Actinolite and chlorite XLIII, No 5 -2714 represent alteration products of clinopyroxene. Actinolite is found either as short prismatic or as fibrous, asbestiform crystals. Epidote and clinozoisite are detected as fine-grained alteration products in saussuritized plagioclase and quartz crystals usually occupy spaces between the other grains, however these minerals also fill veins crosscutting the rock (Fig. 2c) . Additionally, calcite commonly fills veins in the Guevgueli and Vourinos dolerites. Another feature observed during the pet-
Fig. 2:
Photomicrographs (XPL) of the studied basic rocks: a) dolerite with typical subophitic texture (sample PVN2a), b) plagioclase phenocryst in a fine-grained matrix with subophitic texture (sample G1), c) vein filled with epidote (sample B4), d) actinolite crystals broken up along their cleavage planes (arrows indicate characteristic fractures -sample PVN1b). Photomicrographs (XPL) of the studied ultrabasic rocks: e,f) cataclastic and porphyroclastic texture in serpentinized harzburgites (samples VVDSR1 and KOZ2, respectively), g) ribbon texture and h) preferred orientation of olivine grains in serpentinized harzburgites (sample PKZSR1), (Pl: plagioclase, Cpx: clinopyroxene, Act: actinolite, Chl: chlorite, Ol: olivine, Opx: orthopyroxene, Serp: serpentine). rographic analysis, is that many of the actinolite crystals are broken up along their cleavage planes (Fig. 2d) . The percentages of the mineral phases are shown in Table 1 .
Regarding the gabbroic rocks collected from the Guevgueli ophiolite suite, they have subhedral to anhedral granular to ophitic texture, most commonly medium-to coarse-grained. Their primary and secondary mineral phases are the same as those of the studied dolerites (Table 1) .
Ultrabasic lithotypes
The studied ultrabasic rocks from the Pindos, Vourinos and Koziakas ophiolites include harzburgites with various degrees of serpentinization and deformation. A sample of plagioclase-bearing lherzolite was also collected from the Koziakas mantle section. These rock types mainly display cataclastic and locally porphyroclastic texture (Figs 2e,f) . The primary mineralogy of the harzburgites comprises olivine, orthopyroxene (enstatite) with exsolution lamellae of clinopyroxene (diopside) and disseminated spinel ( Table 2 ). The plagioclase-bearing lherzolites also contain clinopyroxene (diopside) and interstitial plagioclase (bytownite-anorthite). Olivine and orthopyroxene occur both as porphyroclasts and neoblasts. Due to hydrothermal alteration, the primary minerals are transformed into secondary products (olivine into hydrated associations of serpentine minerals, orthopyroxene mainly into bastite and talc, clinopyroxene into actinolite, tremolite and chlorite, and spinel into ferrian chromite and magnetite). Some of the samples are crosscut by veins of calcite. The areas occupied by serpentine usually display pseudomorphic mesh and ribbon textures ( Fig. 2g ) (O'Hanley, 1996) . Evidence of plastic deformation is shown in strained olivine and orthopyroxene porphyroclasts, which display well-developed undulatory extinction and kink-bands. Intense deformation results locally in a preferred orientation of the olivine grains (Fig. 2h ).
X-Ray Diffraction
X-ray diffraction (XRD) is a widely used analytical technique for identifying minerals and characterizing their crystal structure. It is generally a semi-quantitative method, although it is possible to estimate the amounts of minerals present in a rock using complicated special procedures (Snyder and Bish, 1989; Addison and Davies, 1990; Williams-Jones et al., 2001 ).
In the present study, XRD was performed on powdered samples in order to determine asbestos minerals. The weight percent of every mineral in a sample must typically be present in at least 2-3% to be detected. Asbestos minerals (actinolite and serpentine in basic and ultrabasic samples respectively) were detected in almost all samples (except for the dolerite PVN2a). Regarding the ultrabasic lithotypes, chrysotile was detected only in the plagioclase-bearing lherzolite (see Table 3 ).
Scanning Electron Microscopy
Scanning Electron Microscope (SEM) is of particular value in identifying asbestiform minerals, since it allows much greater magnifications than polarized microscope and also allows semi-quantitative or quantitative chemical analysis of the imaged material. Hence, it is feasible to analyse and record the length and diameter of individual fibres in any rock type. Elemental analysis of individual separated fibres is ordinarily semi-quantitative but is often sufficient for mineral identification.
Standard analytical methods for quantitative analysis of asbestos have been difficult to develop, primarily due to the difficulty in standardizing the many operating parameters that are controlled in SEM (Clinkenbeard et al., 2002) . However, in this study the following procedure is proposed for the quantification of asbestiform crystals:
• Elemental analysis of the constituent minerals -identification of the asbestiform mineral phases.
• Imaging of the studied polished thin sections at several magnifications, depending on the grain size of each lithotype (the images are equally distributed on each thin section). In this study, two polished thin sections were investigated for each sample and six back-scattered electron (BSEI) or secondary electron (SEI) images were acquired from each one.
• Measurement of the dimensions (length and diameter) of the fibrous and non-fibrous crystals which belong to the group of asbestos minerals. The images were analysed using the Leica QWin image analysis software.
• The measurements are statistically analyzed. This process includes: (i) discrimination of the dangerous asbestiform crystals, which fulfil the shape criteria referred to the introduction, (ii) calculation of the area occupied by the dangerous asbestiform crystals, (iii) calculation of the total percentage (vol%) of the dangerous asbestiform crystals.
• Representative compositions of amphibole and serpentine from the investigated basic and ultrabasic samples are listed in Table 4 . According to the classification of Leake et al. (1997) , the analyzed amphiboles from the Pindos, Vourinos and Guevgueli basic igneous rocks are actinolite (Fig. 3) . In the ultrabasic samples, chrysotile is not feasible to be detected by elemental analysis due to its similar chemical composition with the other polymorphs of serpentine (antigorite and lizardite).
The back-scattered electron images (BSEI) acquired for the basic igneous rocks indicated that actinolite participates in various percentages. Among the collected rocks, samples B5, PVN1a, PVN1b, G1 and G2 contain the highest percentages of actinolite, which is detected in various sizes. One generation of larger crystals comprises non-asbestiform, short prismatic crystals and represents the main percentage of actinolite (Fig. 4a-c) . Locally, a second generation of asbestiform crystals is present ( Fig. 4b-d) . It is also mentioned that specific areas of the polished thin sections are totally XLIII, No 5 -2718 consist of dangerous, asbestiform crystals (Figs 4e f) . The percentages of the latter were calculated according to the procedure described above (Table 5 ).
All peridotite samples of this study contain significant amounts of serpentine, however only the plagioclase-bearing lherzolite contains fibrous chrysotile. These crystals become identifiable only in ) and e,f) areas totally consisting of dangerous, asbestiform crystals (samples PVN1b and B5, respectively), (Act1: non-asbestiform and Act2: asbestiform actinolite crystals). Secondary electron images showing: g) a whole area and h) a vein occupied by asbestiform chrysotile (sample KOZ1), (Chry1: non-asbestiform and Chry2: asbestiform chrysotile crystals).
secondary electron images (SEI) and they are detected either in areas occupied totally by serpentine (Fig. 4g ) or in veins crosscutting the rock (Fig. 4h) . The calculated percentage of the dangerous asbestiform crystals of chrysotile in sample KOZ1 is 0.69 vol%.
Discussion
Various methods have been proposed for the quantification of asbestos minerals (e.g. Plater et al., 1992; Schneider et al., 1998) . In this study, a combination of different methods is proposed for the detailed investigation of basic and ultrabasic ophiolitic rocks used as aggregates.
Polarized light microscopy (PLM) is the most familiar analytical technique to geologists, however it considerably limits the lower limit of visibility of asbestos fibres. This method offers the ability to generally differentiate the non-asbestiform and asbestiform habits of a mineral (Clinkenbeard et al., 2002) . Using PLM, two types of actinolite crystals were detected in basic rocks according to their crystal habit: asbestiform and non-asbestiform; however the percentage of the measured dangerous fibres maybe underestimated, due to the existence of extremely fine, undetectable crystals. A conspicuous feature observed during careful petrographic analysis is that many of the non-asbestiform actinolite crystals are broken up along their cleavage planes. Rocks with such features need specific consideration, since these crystals may subsequently release numerous fibrous fragments during the production processes and in-service deterioration of aggregates (Rigopoulos et al., 2008) . These cleavage fragments may have a similar microscopic appearance to that of true asbestos fibres. On the other hand, the potential existence of chrysotile in the ultrabasic samples was not possible to be designated. This is in consistence with Schneider et al. (1998) , who noted that PLM is unreliable for materials containing chrysotile. In this study, a quantitative measure of the total percentage of actinolite and serpentine in each sample was carried out using the point-counting procedure. This technique provides relatively accurate and precise estimates of the asbestos concentration (Perkins, 1990 ). However, it should be mentioned that although the total percentage of actinolite is a major determinant for the potential danger of basic ophiolitic rocks used as aggregates, the total amount of serpentine in ultrabasic rocks is not considered to be of great importance. In the latter case, XRD and SEM analyses are required in order to investigate the potential existence of asbestiform chrysotile.
XRD can be used to determine the mineral phases that are present in a sample; however it provides no information about their crystal habit (Clinkenbeard et al., 2002) . The dimensions of the fibres of asbestos minerals is the main factor of health hazard, hence XRD patterns are not diagnostic for the quantification of fibrous crystals. However, this method is useful for the determination of the asbestos mineral type. In the present study, the XRD method indicated the presence of actinolite in basic rocks. Among the ultrabasic samples, only the plagioclase-bearing lherzolite contains chrysotile, while the other samples contain antigorite and lizardite.
SEM allows imaging and identification of much smaller fibres than PLM and it can be used to evaluate both the morphological and chemical composition of asbestiform minerals. Unlike PLM, the ability of the SEM to utilize reflected energy for imaging, allows fibres adhering to other mineral surfaces to be easily observed. The asbestiform crystals are clearly identifiable since high magnifications can be obtained. However, there is much difficulty in obtaining adequate images of unit fibrils (Clinkenbeard et al., 2002) . In this paper, a simplified procedure is proposed for the quantification of asbestiform crystals. BSEI or SEI images, depending on the mineral type, were acquired and analyzed using an image analysing system. The fibres of chrysotile in the ultrabasic samples are identifiable only in SEI images. Statistical analyses of measurements of length, diameter and aspect ratio of asbestos minerals led to the calculation of the amount of crystals with asbestiform habit occur-ring in the investigated ophiolitic rocks. As already mentioned, the investigated basic lithotypes contain various amounts of actinolite, while among the ultrabasic samples only the plagioclase-bearing lherzolite contains chrysotile. Nevertheless, none of these samples contains asbestiform crystals over 1.6 vol%. In terms of chrysotile, it is mentioned that its chemical composition is similar with that of antigorite and lizardite, thus it is obvious that chemical analysis by SEM may not be sufficient for distinguishing the different polymorphs of serpentine. This discrimination is possible to be made by determining the crystal structure. Although SEM analysis does not allow determination of crystal structure, this information has been acquired using XRD.
Conclusions
Due to the possible adverse health effects of asbestos containing rocks used for construction purposes, standardized procedures are required for determining low levels of asbestos in raw materials. The method proposed in this paper is a combination of different techniques and is based on the investigation of various samples of basic and ultrabasic rocks from the Guevgueli, Pindos, Vourinos and Koziakas ophiolites.
The low cost and widely available PLM analysis is very useful for a preliminary identification of asbestos minerals. The quantitative analysis of the mineralogical composition indicated that the basic lithotypes contain various amounts of asbestiform and non-asbestiform actinolite crystals. A noticeable feature observed during the petrographic analysis is that many of the non-asbestiform actinolite crystals are broken up along their cleavage planes. This feature indicates that short prismatic actinolite crystals may subsequently release numerous fibrous fragments during the production processes and in-service deterioration of aggregates. In the ultrabasic samples, which contain various amounts of serpentine, the potential existence of chrysotile was not possible to be designated. Using XRD, it was found that only the plagioclase-bearing lherzolite contains chrysotile. This method also verified the presence of actinolite in basic rocks.
A simplified method was proposed for the quantification of asbestiform crystals using SEM. During this procedure, BSEI or SEI images were acquired and analyzed using an image analysing system. The fibres of chrysotile in the ultrabasic samples are identifiable only in SEI images. Statistical analyses of measurements of length, diameter and aspect ratio of asbestos minerals led to the calculation of the amount of crystals with asbestiform habit occurring in the investigated ophiolitic rocks. The studied basic lithotypes contain variable proportions of actinolite, while among the ultrabasic samples only the plagioclase-bearing lherzolite contains chrysotile. However, none of the collected rocks contains asbestiform crystals over 1.6 vol%.
Considering the advantages and disadvantages of all the methods used in this study, it becomes clear that the image analysis of SEM images is the most powerful tool for quantifying asbestos, although polarized microscopy and XRD are necessary tools for a preliminary identification of these minerals.
Ackowledgements
We thank the European Social Fund (ESF), Operational Program for Educational and Vocational Training II (EPEAEK II), and particularly the Program PYTHAGORAS, for funding the above work.
References
Addison, J., and Davies, L.S.T., 1990. Analysis of amphibole asbestos in chrysotile and other minerals. 
